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The hydraulic characteristics of fractured rock have been difficult to study, due to 
the heterogeneous nature of fractured aquifers.  Others have also studied fractured rock 
characteristics to determine hydraulic properties of the aquifer which include:  
Zimmerman and Bodvarsson (1995), Wanfang et al. (1997), Leveinen et al. (1998), Or 
and Tuller (2000).  Fractures are known to modify both the flow velocity and direction 
and are critical to understanding flow at many scales.  
Lineaments have been studied to delineate subsurface characteristics, which are 
known to correlate with surface patterns (Blanchet, 1957; Mollard, 1957; Rumsey, 1971; 
Parizek, 1975).  Many fractures and faults are exposed at the surface creating lineaments 
(Mabee and Hardcastle, 1997).  A number of different methods are employed to analyze 
lineaments and their effect on subsurface characteristics and influence on ground water 
flow.  Lineaments have also been used in ground water research to determine where the 
best location would be for a competent well (Lattman and Parizek, 1964; Sander et al., 
1997; Magowe, 1999; Moore et al., 2002).  Lineament studies have also been used by the 
petroleum industry to improve well siting (Blanchet, 1957; Mollard, 1957, McQuillan, 
1986; Evenson, 1989; Friesatz, 1991; Terech, 2005).
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 Many of the investigations conducted on lineaments have used aerial photographs 
(Sander et al., 1997; Magowe, 1999; Mabee et al., 2002; Moore et al., 2002).  The use of 
LANDSAT and side-looking aerial radar has been the most common methods used.  
Various scales of the images are also used when trying to determine regional lineament 
characteristics.  
 Geographical Information Systems (GIS) has become widely used in the 
geological sciences.  GIS coverages are easily available for most areas, or data layers can 
easily be created by digitizing maps.  Aspect, hillslope, and degree slope change can be 
readily analyzed if a topographic map is available.  GIS has become an important aid for 
mapping geology and rock properties in regions with subtle topography (Belt and Paxton, 
2005). 
Evidence has shown that a correlation can be made between surface lineaments 
and subsurface fractures.  Lineaments that have a permeable overburden have been found 
to correspond to higher flows (Mabee et al., 2002).  Surface water near lineaments has 
also been found to produce higher flow (Mabee et al., 2002).  Streams and faults are 
lineaments that have not been fully utilized to assess subsurface characteristics.  
Developing a quantitative understanding of aquifer characteristics can be a time 
consuming and costly task, however, stream beds can be recognized easily around the 
world and are perhaps the most unbiased and cost effective lineament type available to 
researchers.  The use of GIS data sets allows for a significant increase in the amount of 
data that can be analyzed quantitatively.  The methods introduced in this study should be 
applicable to studies of fractured aquifers in most geological settings.   
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The hypothesis that was tested for this study is that stream and fault 
characteristics (orientation, length, and density) will correlate to subsurface fracture 
characteristics which will help determine hydrogeological control over the aquifer.  In 
order to test this hypothesis, a method to analyze polymodal data from GIS layers was 
developed.  Field data was collected to confirm interpretations from the GIS streams and 
faults layers.  The data was evaluated in a geologic context using the structural history of 
the area and current stress fields.  The analysis of the combined data could help make 
flow direction predictions from potentiometric data. 
This study uses the Arbuckle-Simpson aquifer in south-central Oklahoma as a 
field test area.  The assessment of the Arbuckle-Simpson aquifer was made based on the 
stream and fault data collected using GIS and outcrop data collected in the field.  Two 
different GIS data grid sizes were used over the study area for a more detailed analysis of 







REVIEW OF LITERATURE 
 Understanding how lineaments can aid in understanding aquifer characteristics 
was important to this study.  Lineaments have been studied for many years and have been 
proven to be an effective tool for geologists.  A general discussion of history of 
lineaments and how they are being used scientifically is provided in this chapter.  The 
fluvial geomorphology influence on lineament studies is also discussed and an overview 
of how lineaments and structural geology have been analyzed is presented.  Previous 
work on the connections between hydrogeology and lineaments follows.  In order to 
evaluate the methods developed as part of this thesis, a brief review of statistical methods 
that have been used to analyze orientations is provided.  Finally, a site description of the 
study area provides background information on the Arbuckle-Simpson aquifer.  
 
Lineament Studies 
Many studies have been conducted using lineaments as exploration tools to locate 
oil, gas, and water.  Lineament studies date as far back as the 1950’s (Blanchet, 1957; 
Mollard, 1957; Kupsch and Wild, 1958) and conducted globally.  The oil and gas 
industry was the first to study lineaments as an exploration method, using aerial 
photographs to identify lineaments and aid in the search for petroleum (Blanchet, 1957; 
Mollard, 1957; Ray and Fischer, 1960). 
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One of the major difficulties with lineament analysis is the reproducibility of the 
results.  Lineament data is limited because lineament locations and orientation vary when 
different observers analyze the trends.  The difficulty in identifying lineaments has been 
realized since the earliest studies.  Mollard (1957) noted that the analyst only sees what 
has meaning based on his or her own experience.  When using digital satellite imagery 
the perception of each individual person was different (Sander et al.,1997).  Identifying 
lineaments usually required many observers working at different scales and required 
multiple trials (Mabee et al., 2002; Moore et al., 2002). 
 
Fluvial Geomorphology 
The relationship between surface water and lineaments was studied in Bolivia by 
Pflaker (1964), who analyzed the relationship between oriented lakes and lineaments.  He 
studied the relationship of lineaments on the surface to fractures in the basement.  Pflaker 
(1964) study concluded that the lineaments oriented in the Beni basin correlated to 
oriented fractures in the crystalline basement.  Strong evidence for this correlation was 
found in the preferred orientation that could be detected on a regional scale.    
Lithology is an influencing factor of drainage density that has been correlated to 
drainage density characteristics.  Day (1980) looked at the variation of flowing stream 
length.  The study analyzed stream density in granite and sedimentary lithology.  Day 
(1980) found that high frequency of jointing and thick granitic soils caused rapid 
infiltration and larger groundwater storage of rainfall.  Day (1980) also found that each 
basin has distinctive flow characteristics and varies with rock type. 
 5 
Hillslope processes and drainage density have been studied.  A study conducted 
by Montgomery and Dietrich (1989) examined drainage density and source area.  The 
source areas for channel network were believed to be linked to drainage density 
characteristics.  They found that an inverse relationship exists between source-basin 
length and drainage density.  The study found a link between hillslope and drainage 
density.  Many channels in the study area did not connect with drainage networks 
downslope.  This indicated that hillslope processes controlled the channel head locations 
rather than headward network extensions. 
Another study conducted by Tucker and Bras (1998) studied this relationship and 
derived expressions for the relationships between drainage density, rainfall, relief, and 
mean erosion rate.  The found that drainage density and factors such as climate, geology, 
and relief will vary in a predictable way due to the characteristics of the geomorphic 
processes.  On the basis of different threshold theories, Tucker and Bras (1998) derived 
relationships between drainage density and environmental factors such as rainfall, relief, 
and mean erosion rate.  In conclusion, their models provided a framework for 
understanding geomorphic processes and drainage density.  Their models considered only 
equilibrium landscapes that had sufficient time to adjust to differing environmental 
conditions and cannot necessarily describe what might happen to drainage density under 
different environmental conditions. 
Research has also been conducted on drainage density and climate (Gregory and 
Gardiner, 1975; Rodriguez-Iturbe and Escobar, 1982; Moglen et al., 1998).  The studies 
indicate that climate of an area can impact drainage density.  Relationships have been 
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established between climate and drainage density.  However, each study noted other 
factors that influence drainage density and indicated they cannot be ignored. 
 
Structural Controls on Lineaments 
Rumsey (1971) studied the relationship of fractures in unconsolidated superficial 
deposits to subsurface characteristics.  The study also concluded with a correlation 
between linear traces and subsurface fracture characteristics.  The fractures on the surface 
were caused by the underlying bedrock.  In southeastern Oklahoma, lineaments have 
been analyzed with LANDSAT data (Walsh and Vitek, 1981).  They found that a strong 
correlation exists between geologic lineaments detected by LANDSAT images and 
geologic trends. 
Another method used to study lineaments was gravity surveying.  In South 
Florida, gravity surveys were used to determine if lineaments can give researchers insight 
about the geologic history and tectonic framework of an area (Culbreth, 1988).  The 
lineaments mapped for this study were straight stream segments, tonal variations, linear 
water bodies, and aligned water bodies.  The study found that geologic structures oriented 
parallel to preferred orientation were more likely to be found at the surface because they 
are parallel to stress fields. 
 
Hydrogeology and Lineaments 
Lineaments have been studied in the past by many researchers for groundwater 
exploration.  Lattman and Parizek (1964) found a relationship between the occurrence of 
groundwater and fracture traces for carbonate aquifers.  They found that fracture traces 
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are found in zones of increased permeability and porosity.  Fracture traces and lineament 
analysis in carbonate and other terrains were conducted by Parizek (1975), who aimed at 
finding a relationship between fracture traces and major lineaments to delineate zones of 
increased permeability and porosity.  
Cotton (1964) also studied the control on drainage density.  It was believed at the 
time that permeability of the terrain was the most important control (Carlston, 1964).  
However, Cotton believed the climate of each region affected drainage characteristics and 
argued that rainfall was an important control in drainage density.  Assuming drainage 
density were only a function of the permeability of the terrain was shown to be incorrect 
because runoff characteristics were also an important factor.  
Mabee and Hardcastle (1997) analyzed outcrop-scale fractures to investigate 
aquifer characteristics in the subsurface.  They compared surface fracture data with 
orientation data collected from boreholes using acoustic televiewer logs.  Mabee and 
Hardcastle (1997) discovered that analysis of fracture domains on the surface can provide 
information on fractures in the subsurface.   
A study by Magowe (1999) that was completed in Botswana also correlates 
lineaments to groundwater occurrences.  Magowe found that fracture density and high 
well-yields have a positive correlation.  A similar field study in New Hampshire looked 
at factors related to well yield in a fractured bedrock aquifer (Moore et al., 2002).  The 
study found that lineaments identified using aerial photographs can be correlated with the 
primary fracture direction of the aquifer.  They also found that wells within 100 ft of a 
lineament had higher than average well-yields.   
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Mabee et al. (2002) correlated lineaments to groundwater inflows in a bedrock 
tunnel. The study was carried out to compare water producing structures that were 
observed in a tunnel with lineaments identified using various scales of aerial 
photographs.  The analysis, which was executed in glaciated metamorphic rock, and they 
found a good correlation between lineaments and inflows.  
Remote sensing data has been used to derive lineaments for groundwater 
exploration (Sander et al., 1997).  The goal of this research was to increase the 
confidence in mapped lineaments and production wells.  The reproducibility tests 
conducted showed that each interpreter identifies different lineaments based on their 
perception.  The method used to define lineaments can produce conflicting results.  
Sander (1997) concluded that a detailed field analysis is necessary to identify lineaments. 
Previous investigations that involved using streams as lineaments to delineate the 
subsurface fracture characteristics are minimal and only a single reference was located. 
Halihan et al. (1999) found the method was useful and that high creek density correlated 
with high well yields.   
Lineaments can be used to determine the potential effects anisotropy will have on 
ground water flow direction.  On some scales aquifer materials can be isotropic, showing 
little variation in hydraulic properties with any given direction.  However, in many 
fractured aquifers, fracture orientation can induce anisotropy and influence flow path 
orientation (Fitts, 2002).  Fitts (2002) also states that the orientation of joint sets often 
govern the large scale anisotropy in crystalline rocks.  The variation in hydraulic 
properties due to anisotropy can vary from small percentages to orders of magnitude 
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(Weight and Sonderegger, 2001).  Figure 1-1 is a schematic of the potential influence 














Figure 1-1.  Influence of anisotropy on flow direction for different orientations of the 
hydraulic gradient.  Isotropic flow directions of A) 45o,  B) 90o, C) 135o, and D) 180o.    
 
Statistics 
The earliest published studies of the statistics of oriented data began with 
Rayleigh (1880) who analyzed sound vibrations.  The distribution of sound waves was 
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found to be more complex than just taking an average, and the Rayleigh method of 
orientation analysis was developed as a result. 
Pincus (1951) investigated distributions of orientations in the earth sciences.  
Periodic and non-periodic characteristics in collecting data both proved to create error in 
the data collected.  Statistical methods such as the circular normal theory, the chi-square 
test, and linear normal method were discussed.  Pincus (1953) also conducted a 
quantitative analysis of fracture orientation collected from Precambrian gneisses and 
overlying lower Paleozoic sedimentary rocks in northern New Jersey.  The data were 
plotted on rectangular coordinates and the Schmidt equal area net.  Frequency and mean 
orientation were used to determine dominant trends.  Deviations from normal were tested 
by using the Poisson exponential binomial limit. 
Methods to evaluate the statistics of orientation data were studied by many other 
researchers (Gumbel et al., 1953; Watson, 1966; Anderson and Stephens, 1972; Downs, 
1972; Mardia, 1975; Khatri and Mardia, 1977).  These papers discussed methods for 
describing orientation data.  Formal statistical methods are introduced and described in 
each paper.  Emphasis on assumptions is crucial because the technique for collecting data 
ultimately controls statistical variance in the data.  The methods introduced in these 
papers were only helpful for unimodal data. 
 Other disciplines in science also have an interest in studying orientations.  Bird 
nest orientations have been extensively analyzed to determine any possible trends in 
animal behavior.  Bergin (1990) studied the nest orientations in Western Kingbirds.  To 
statistically characterize the behavior of bird nest orientations, Bergin analyzed four 
statistical methods.  The chi-square method, Watson, Rayleigh, and Rao statistical 
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methods were used to study the data set.  Each method was compared to determine which 
method described the data set the best.  The Rao method was the most efficient in 
detecting significant patterns, but none of the methods could account for polymodal data. 
 
Polymodal Data 
Much statistical uncertainty is present when orientation data becomes bimodal.    
Two preferred directions are present and averaging is affected.  Curray (1955) studied 
bimodal orientation data.  Two distributions were taken from sand grain orientations 
studies.  The study found that the best fits appear to be circular normal distribution and a 
distribution found by wrapping an unlimited linear normal curve to the center point of a 
polar coordinate.  The Rayleigh test was modified for two-dimensional data (Durand, 
1958).  The effectiveness of the Rayleigh test was examined to determine uniformity in 
the data set when bimodal distributions are present.  Another study of bimodal orientation 
conducted by Jones (1969) also uses circular normal distributions to describe bimodal 
orientations.  The study indicates that a meaningful analysis of bimodal orientation 
largely depends on analyzing each orientation individually.  They believed that the mixed 
circular model presented in the paper is a general model for most geologic problems that 
have bimodal distributions. 
 
Length Statistics 
The power law function will be used to describe the behavior of stream lengths in 
the data set.  Previous work has found that natural fractures and faults become linear on a 
log-log graph indicating that the power law best describes the distribution (Cladouhos 
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and Marrett, 1996; Marrett, 1996; Marrett et al., 1999; Ortega et al., 2006).  Since streams 
are lineaments similar to faults and fractures this method is the most appropriate to 
analyze the data. 
 
Site Description 
The Arbuckle-Simpson aquifer outcrops over an area of over  approximately 500 
mi2 in southern Oklahoma (Fairchild et al., 1990).  It lies beneath parts of Murray, Carter, 
Johnston, and Pontotoc Counties; and a small portion of western Coal County (Figure 2-
1).  The Arbuckle-Simpson aquifer includes formations from the Arbuckle Group (Upper 
Cambrian to Lower Ordovician) and the Simpson Group (Middle Ordovician).  The 
aquifer is composed of mostly limestone, dolomite, and sandstone.  The formations have 
been folded and faulted due to major uplifts in the area during Early to Late 
Pennsylvanian time (Fairchild et al., 1990).  Secondary porosity is created by fractures, 
joints, and solution channels (Fairchild et al., 1979).  Many of the springs in the area 
supply the perennial streams (Fairchild et al., 1990).  
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Figure 2-1.  Regional map showing the location of 
the Arbuckle-Simpson aquifer. 
 
 The structural history of the region is one that has been extensively studied 
(Decker and Merritt, 1931; Dott, 1933;  Dott, 1934; Ham, 1955, Ham et al., 1964; 
Johnson, 1991a; Johnson, 1991b).  The Arbuckle Mountains are part of the southern 
Oklahoma Aulacogen (Wickham, 1978).  A brief description of southern Oklahoma’s 
structural history can be broken into three stages based on the work of Wickham (1978).  
First, a rifting state occurred, which was a period of uplift.  Both intrusive and extrusive 
activity was present.  Sedimentation was of a continental scale during this time.  During 
the second state subsidence occurred.  A formation of a passive continental margin, 
marine transgression, and rapid subsidence occurred.  Thick sedimentary sequences were 
being formed.  The final stage was the deformation stage.  Reactivation of old fault trends 
occurred with strike-slip and dip-slip displacements being the dominant fault activity.  
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Local basins and uplifts were formed.  Due to the orogenic activity within the region, 
conglomerates were formed. 
 Some dominant fault trends can be seen as a result of this failed rift zone.  During 
the Paleozoic, an inversion of the rift began during the Late Mississippian and continued 
to the early Permian.  During this process a belt of west–northwest trending uplifts and 
faults were created (Marshak et al., 2003).  Inversion of the aulacogen shortened 
orientations perpendicular to the rift axis in an East - SE direction (Marshak et al., 2003).  
Many faults during the aulacogen began to change.  Normal faults became reverse faults, 
and during times of compression, folds began to form.  Left and right lateral, strike-slip 
faults, normal faults, and reverse faults characterize the area, as well as some flower 
structures (Marshak et al., 2003).  In the Tishimingo-Belton anticline, lineament 








  The GIS methods introduced in this thesis allow for an efficient means of data 
analysis by processing GIS data layers of streams and faults into data for individual line 
segments.  Length, density, and orientation are calculated from the data.  A hillslope, 
aspect, and shaded relief map were created for the study area.  A general lithology map 
for the 10 km grids was also created.  Outcrop data collections were conducted in the 
field.  Length, density, and orientation of fractures were recorded.  Statistical methods are 
used to determine the significance of length and orientation data of the stream and fault 
data.  A comparison of all the data sets was then conducted to determine if correlations 
exist. 
 
GIS Data Processing 
GIS stream and fault layers were converted to line segments to study length, 
orientation, and density.  The stream and fault layers were sent to the Department of 
Primary Industries and Resources in South Australia to be processed.  They created the 
nodes in GIS with ArcInfo Workstation and used the commands SHAPEARC and 
UNGENERATE to acquire Northings and Eastings of beginning and ending nodes of 
each line segment in the x (easting) and y (northing) direction in the data layers.  The 
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study area was overlaid by 77, 10 km grid cells (Figure 3-1).  A set of higher resolution 
grids was created to help determine the relationship between stream characteristics and 
lithofacies.  The higher resolution grid contained 304, 2.5 km grid cells (Figure 4-7).  The 
size of the grid cells was determined by the data density of stream and fault data in the 
area.  In the x-direction (easting) the study was approximately 11,000 meters long and in 
the y-direction (northing) the length was approximately 7,000 meters.  Each 10 km grid 
cell contains between 260 to 1500 stream segments and 0 to 100 fault segments. 
Figure 3-1.  The Arbuckle-Simpson study area over laid by 10 km grid cells.  Each grid 
cell has a 100 km2 area. 
  
 A point halfway between the endpoints of a line segment was called a midpoint 
(Figure 3-2).  Midpoints of each stream segment were obtained to determine the cell 
position of each stream segment.   
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Figure 3-2.  This figure illustrates where the midpoint was located on a line between two 
data points. 
 
This allowed for an analysis of each grid and eliminates segments crossing multiple grid 












y,x 2121mm .     (1) 
The lengths of each line segment were found by using equation 2 (Figure 3-3). 
 
Figure 3-3.  Geometry defining the distance and angles used to find lengths and 
orientations of streams and faults. 
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The formula to find lengths was known as the distance equation (Equation 2),   
 
( ) ( )212212s yyxxl −+−=  .   (2) 
 












sinθ .     (3) 
 
Since the orientations were analyzed between 0o-180o, negative values were corrected 
using: 
180θθ s += .     (4) 
The density of each grid cell was analyzed by obtaining the total length of the 
streams in the grid and dividing that number by the area of the grid.  A density map was 
only created for the 10 km grid cells, which equals a total area of 100 km2 for each grid 
cell.  A smaller grid was constructed over the study area to acquire a better resolution of 
trends over the Arbuckle-Simpson aquifer.  It enables a better analysis of stream 
characteristics in different lithologies.  The smaller grid that was created contained 2.5 
km sized cells.  Each 2.5 km grid cell contained approximately 100 streams. 
The smaller grids allowed for a detailed view of orientation trends to give a better 
resolution and help strengthen the correlation between the lineaments and subsurface 
characteristics.  The 10 km grid resolution combined with the 2.5 km resolution 
strengthened observations by providing a better view of which lithologies were affecting 
each grid cell.  This data, combined with field work and potentiometric maps over the 
area allowed for aquifer characteristics to be better understood.  The trends observed in 
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the small grids indicated which lithologies are creating certain behaviors in stream 
characteristics.   
 
GIS and Geomorphology 
 A shaded relief and hillslope map was used to study the geomorphology over the 
study area.  This will be aided by also creating an aspect map for the study area.  The 
aspect map will allow for a visual aid to determine if the direction of the slope is 
affecting the orientations observed in the streams and faults GIS layers.  A general 
lithology map will also be created to help better understand stream and fault 
characteristics in different lithologies.  
  
Field Data Collection 
Field work was conducted at four different locations where exposed bedrock with 
fractures was present.  The locations were chosen based on availability of bedrock 
exposure over the Arbuckle Mountains.  Locations that were near streams were 
preferable.  However, there are limited outcrops over the study area.  The four locations 
were:  Site 1 in Connerville, Oklahoma (upstream of Blue River), Site 2 in Connerville, 
Oklahoma (downstream of Blue River), Site 3 in Devil’s Den, and Site 4 at Turner Falls, 
near Davis, Oklahoma. 
Field work was conducted in the study area to correlate fracture characteristics 
seen in the field to stream characteristics.  Exposed bedrock along streams enabled a scan 
line to be created perpendicular to prominent fracture orientations (Figure 3-4). 
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Figure 3-4.  A scan line taken across fractures was used to gather data.  One dominant 
trend is seen perpendicular to the scan line.  A second fracture set can be seen parallel to 
the tape and has grass growing in one of the fractures in the set. 
 
Location, length, and orientation of each fracture that crosses the scan line was 
determined.  Length was measured using a 12 inch ruler for small fracture lengths.  A 
tape measurer was used if the fracture length was longer than 12 inches.  Orientation was 
observed using a brunton azimuthal compass.  A magnifying glass was used to increase 
fracture visibility and determine if the fracture was open or closed.  If the fracture was 





Statistical Analysis of Orientation 
 Along with standard rose diagram analysis, an unbiased statistical polymodal 
orientation method to analyze stream and fault data was developed to determine preferred 
orientations.  Circular statistics were not sufficient in correctly determining dominant 
orientations; this lead to a new method created for this thesis.  The lack of confidence in 
existing circular statistics was due to the fact that they do not account for length weighted 
data and polymodal data.  A stream segment that is long in length in a particular 




Figure 3-5.  This stream segment has a preferred orientation towards the east-west, but 
traditional statistical methods would determine the north-south orientation was dominant. 
 
To statistically analyze this stream reach, each orientation (θ) of the segment is weighted 
by the length (L) of a segment,  
iiL θLθ ×=  .      (5) 
 
All the length weighed orientations (θL) are summed in 10 degree bins.  The sum of the θL 










∑∑ == .     (6) 
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By determining the mean and standard deviation of lengths in a grid cell, strong and weak 
orientations were identified using equation 6.  If θφ was one standard deviation above the 
mean of all 18 θφ values, it was considered a weak signal; two standard deviations above 
the mean were considered strong signals.  There were more than one strong signal in 
some grid cells.  Strong signals indicated a preferred orientation of streams and faults in a 
particular grid cell.  Weaker signals indicated that other orientations are present in the 
grid cell but may not be geologically significant. 
 To determine which orientations were preferred for the streams and faults GIS 
layer on a regional basis, histograms of the grid signals were created for the each 
datasets.  A histogram of the sum of strong and weak signals for the binned orientations 
was observed for the 10 km and 2.5 km grids.  The mean and standard deviation of the 
sums is used to delineate preferred regional orientations for each GIS layer.  The GIS 
faults layer was the layer used to determine if a correlation can be made between 
orientation signals and fractures in the subsurface.  The GIS faults layer should limit 
stream data biases because the faults are digitized off of a fault map.  Again in this case, 
two standard deviations above from the mean indicated a preferred orientation. 
 
Power Law Statistics for Length 
 The power law between two scalar quantities can be written as 
trsα = .     (7) 
The variable α was the rank of the length of the stream, with α=1 corresponding to the 
longest fracture.  The two variables r (constant of proportionality) and t (the exponent of 
the power law) were determined from the slope of a line using Excel. 
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When equation 7 was rearranged to solve for s, the predicted length of the longest 
fracture was determined.  By allowing α to equal 1, the longest fracture length was found 
by carrying out these steps, 
trs1 = ,     (8) 
divide by r, 
ts
r
1 = .      (9) 




log = ,     (10) 




1010 = .    (11) 
By solving for s the length can be determined 
.10s r
1
=      (12) 
The power law was used only to model stream lengths above 100 meters.  The 
resolution from the GIS stream layer does not allow a precise determination of actual 
stream lengths below 100 meters.  Previous work conducted on fractures supports this 
method (Cladouhos and Marrett, 1996; Marrett, 1996; Marrett et al., 1999; Ortega et al., 
2006).  They found that there is a minimum measurable length for fractures.  Below a 
certain length, fracture lengths cannot be correctly measured and errors will be 





One factor that is taken into consideration in this project was the affect 
geomorphology had on the stream orientations.  A shaded relief map was used to study 
the influence hillslope had on stream density and orientation.  An aspect map was also 
created to determine if the direction the slope was facing had an influence on the 
direction that the streams were oriented in a particular grid cell.  The characteristics of 
stream density over the study area were observed by creating a map in GIS of the degree 
of slope change for the study area.  By combining all of these maps and correlating them 
to the preferred orientations for the study area, an unbiased analysis of stream lengths, 
orientations, and densities was conducted. 
Two potential sources of bias were in the stream data.  First, the digitizing of the 
layer may include more streams by one algorithim or person doing hand digitizing.  
Second, at lower resolutions, a pixilation bias may results in extra north-south or east-
west segments.  These were examined in the datasets by separating areas with higher 
apparent stream density if they appeared to be induced during digitizing.  In orientation 
data, pixilation bias could be observed by extra signal strength at 0 or 90 degrees.  This 







 The comparison between surface geomorphology and stream and fault data is 
presented.  The results of stream and fault orientations were discussed based on standard 
rose diagrams and the polymodal orientation method.  Stream and fault length and 
density results were also presented.  Field data was compared to the GIS streams and 
faults data.  A figure was created to better visualize the relationships. 
 
Geomorphology and Stream Orientations 
 The shaded relief map for the Arbuckle-Simpson Mountains indicated very little 
slope change over the Hunton Anticline (Figure 4-1).  To analyze the influence surface 
geomorphology processes may have on stream orientations an aspect map for the study 




Figure 4-1.   The shaded relief map for the Arbuckle-Simpson Mountains shows very 
little change in slope over the Hunton Anticline. The aquifer area is outlined by a faint 




Figure 4-2.  The aspect map for the Arbuckle-Simpson Mountains does not show an 




Figure 4-3.  The hillslope map for the Arbuckle-Simpson shows very little change in 
elevation over the Arbuckle-Simpson Mountains. 
 
 A more general geological map was created to determine if lithology may explain 
differences in stream orientations (Figure 4-4).   
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Figure 4-4.  A general lithology map over the Arbuckle-Simpson Mountains indicates a 
mostly carbonate aquifer with surrounding shales and granites. 
 
The lithology of the aquifer is mostly massive limestone and dolomites.  It is difficult to 
find fractures outcropping on the surface as determined by many attempts to conduct 
field work in the area.  No significant patterns are evident for the area showing significant 
trends for hillslope relative to aspect and geology.  A more rigorous statistical analysis of 
aspect may provide additional information. 
 
Field Data 
  At the four field sites a total of 8 lines were run.  At site 1, at Connerville, 
Oklahoma, the combined length of both lines measured 6.6 meters.  A total of 72 
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fractures were intercepted by the scan lines.  Site 2 was also located at Connerville, 
Oklahoma.  The combined length of both lines measured 1.3 meters.  A total of 57 
fractures were intercepted by the scan lines.  Scan lines for Site 3, at Devil’s Den, had a 
combined total length of 3.6 meters.  A total of 114 fractures were intercepted by the two 
scan lines.  The final site was located at Turner Falls, near Davis Oklahoma.  The scan 
lines for site 4 combined for a total length of 1.8 meters.  61 fractures were intercepted by 
the two scan lines.  
 
Orientation Analysis 
 The scale created for the rose diagrams was determined by the maximum stream 
length in any orientation in the GIS stream data set.  Grid Cell 31 had a maximum length 
of 17,078 meters and controlled the scale created for the grid.  A complete map of all the 
rose diagrams over the study area is shown in Figure 4-6. 
 
 
    
 
Figure 4-5. Rose 
diagram for 




Figure 4-6.  The 10 km grid cells with rose diagrams for each grid cell allow a visual aid 
to analyze stream orientations over the study area. 
 
 The 2.5 km rose diagrams were also created over the Hunton anticline.  Figure 4-6 
overlays the rose diagrams onto the study area.  It is difficult to determine trends using 
this figure, the statistical analysis of the 2.5 km rose diagrams will provide another visual 




Figure 4-7.  Rose diagrams for streams were created for 2.5 x 2.5 km grid cells for a more  
detailed interpretation over the Hunton Anticline. 
 
By using the mean and standard deviation of the orientations for each grid cell it 
was possible to determine if preferred orientations existed using the polymodal 
orientation method.  Figure 4-8 indicates that each grid cell is unique and is better 
characterized by using this method.  The preferred orientations predicted by this method 




Figure 4-8.  This figure shows that the statistics used to define preferred orientations 
allows for a better understanding of grid cell characteristics.  The strength in the method 
is that is allows each grid cell to uniquely define preferred orientations. 
 
Unimodal 
 Unimodal orientations indicate the streams are dominantly oriented in one 
direction (Figure 4-9).  After statistically analyzing the data, it was evident that grid cell 2 
was unimodal.  Only one dominant orientation was present and no weak signals were 
present (Figure 4-9).  4 cells had unimodal orientations for 10 km stream grids, 24 cells 
had unimodal orientations for 2.5 km stream grids, and 8 cells had unimodal orientations 
for fault data.  This accounts for 5 %, 8%, and 16% of the grids, respectively. 



















Grid Cell 40 Grid Cell 62 Grid Cell 47 
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Figure 4-9.  Grid cell 2 is an example of unimodal orientation.  4-9a is the rose diagram 
for grid cell 2.  After statistically analyzing grid cell 2, one orientation is preferred (4-9b). 
 
Bimodal 
 Bimodal orientations indicated the presence of more than one significant 
orientation.  Bimodality may have had more than two strong orientations, two weak 
orientations, or a strong and a weak orientation.  Grid Cell 47 had bimodal stream 
orientations over the study area.  Figure 4-10a was the rose diagram for grid cell 47.  
After statistical analysis one preferred orientations and one weak orientation was found 
(Figure 4-10b).  25 cells had bimodal orientations for 10 km stream grids, 104 cells had 
bimodal orientations for 2.5 km stream grids, and 10 cells had bimodal orientations for 





                      
 
Figure 4-10.  Grid Cell 47 is an example of bimodal stream orientations over the study 
area.  Figure 4-10a is the rose diagram for grid cell 47.  After statistical analysis one 




Polymodal behavior is a distinctive behavior in which many dominant 
orientations are distinguishable.  After conducting the statistics on grid cell 62 we found 
that it is polymodal (Figure 4-11).  One strong orientation was present and two weak 
orientations were orthogonal to the strong signal.  42 cells had polymodal orientations for 
10 km stream grids, 176 cells had polymodal orientations for 2.5 km stream grids, and 32 
cells had polymodal orientations for fault data.  This accounts for 62 %, 58%, and 64% of 
the grids, respectively. 
The areas that show polymodal orientations were dominantly in highly faulted 
areas.  Faults and fractures were influencing the polymodal characteristics.  Both open 
and closed faults and fractures were present and were creating conduits and barriers to 
flow.  A more detailed analysis of each grid using water chemistry and electrical 
conductivity methods will be help determine more detailed flow paths within a grid cell. 
4-10a 4-10b 
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Figure 4-11.  Grid Cell 62 is a good example of polymodal stream orientations.  In Figure 
4-11a it is difficult to determine if a preferred orientation exists.  After calculating the 
statistics it is evident that it is polymodal (4-11b). 
 
Regional Analysis 
 All rose diagrams for streams were statistically analyzed for both the 10 km grid 
cells and the 2.5 km grid cells.  The faults were analyzed only at the 10 km scale because 
at a higher resolution there would be a lack of sufficient data for analysis (Figure 4-14).  
After completing the statistics on each of the rose diagrams, the strong and weak 




Figure 4-12.  The 10 x 10 km streams grid cells map for streams are statistically analyzed 
and plotted over the study area.  Strong signals are indicated by the dark black line, and 
weaker signals are indicate by a thinner black line. 
 
 A more detailed statistical analysis over the Hunton Anticline using the 2.5 km 
grid cells shows some interesting features (Figure 4-13).  The higher resolution grid cells 




In the Oil Creek formation (Ooj), streams are not present.  The lithology of the Oil Creek 
formation is a sandstone, which is very friable, porous, and permeable.  There may be 
fewer streams in this area due to these characteristics.  
 The GIS faults layer was studied to determine what preferred orientations can be 
seen (Figure 4-14).  The data layer for the faults is much smaller than the streams due to 
the number of faults in the study area.  This explains why some grid cells do not have any 
data. 
Figure 4-13.  Statistically analyzed 2.5 x 2.5 grid cells over the Hunton 




Figure 4-14.  The preferred fault orientations can be seen.  The preferred orientations are 
much more difficult to see using this map, however they do not follow the preferred 





Figure 4-15.  A histogram of the 10 stream orientations shows a preferred orientation of 
0o and 170o and a 20o and 30o trend.  Other orientations are present but are not as 
dominant this would be expected in an area with a complicated structural history such as 
the Arbuckle Mountains.  The orientations of the 2.5 km streams and faults also indicate 
a preferred orientation similar to the 10 km stream layer. 
 
By creating a histogram of the streams and faults it is evident that the streams and 
fault have similar trends.   Figure 4-16 and 4-17 are used to better visualize the extent the 
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preferred orientations over the aquifer.  The grid cells are colored for strong and weak 
orientations of 0o and 170o.  Figure 4-17 grid cells are colored for 20o and 30o 
orientations.  Potential flow lines for the aquifer can be determined by observing these 
trends and using the potentiometric map of the area to aid in the analysis.   
 
Figure 4-16.  The GIS fault layer is used to determine if a correlation exists between 





Figure 4-17.  The GIS fault layer is used to determine if a correlation exists between 
streams and faults.  This map is for strong and weak signals at 20 and 30 degrees. 
 
The GIS streams layer is also analyzed and 0 and 170 degrees (Figure 4-18).  
Another map for orientations of 20 and 30 degrees is observed (Figure 4-19) 
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Figure 4-18.  The GIS stream layer is used to determine if a correlation exists between 




Figure 4-19.  The GIS stream layer is used to determine if a correlation exists between 




Field Work and Stream Data Correlation 
 The field work conducted over the study area was compared to stream and fault 




Figure 4-20.  A comparison between field work, streams, and faults are made using this 
figure. 
 
There is a correlation between field work and stream data for grid cells 37 and 47.  
Though a direct correlation cannot be made between stream and faults using figure 4-20, 
a histogram of orientations for streams and faults indicates a correlation between the two 




Figure 4-21.  The stream length trend of grid cell 40 shows the power law function has a 
fit with an R2=99% for length data greater than 100 meters. 
 
 Length trends for each formation were analyzed for the 2.5 km grid cells.  Figure 
4-22 shows the formation vs. length without the greater density bias removed.  Figure 4-
23 is a modified version with the greater density area removed. 
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Figure 4-22.  The average length of each formation for the 2.5 km grid cells is plotted as 




Figure 4-23.  After the greater density area is removed the characteristics of each 
formation can be better analyzed. 
 
The results from the GIS streams layer allowed for orientations to be plotted on 
rose diagrams.  The rose diagram created for grid cell 40 is an example of one of many 
created over the study area (Figure 4-5). 
The density map (Figure 4-24) which is created indicates which portions of the 
study area contain more streams.  The top right portion of the study area contains a 




Figure 4-24.  The density map over the study area indicates that there is a greater density 
of streams near grid cells 13 and 32.  This is due to bias in the GIS stream created by 
human factors. 
 
 To fully understand the characteristics of different formations their densities were 
plotted on a bar graph (Figure 4-25 and 4-26).  Due to the bias in GIS layer of stream 
density two different graphs are created.  Figure 4-25 shows the density of streams for 
formations before the greater density area was removed from the data.  Figure 4-26 
shows densities after the greater density area is removed from the data. 
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Figure 4-25.  This bar graph shows that average density for each formation varies.  The 













The length, orientation, and density maps compiled help better understand 
structural and hydraulic characteristics of the aquifer.  Geomorphic influences are also 
important in understanding the data.  The maps created using GIS allow for a more 
detailed analysis of stream characteristics with respect to geomorphic factors.  The 
polymodal orientation method used to analyze orientation is a useful tool for helping 
better understand preferred orientations over the study area.  The statistical method 
applied to the 10 km and 2.5 km grids over the study area are discussed.  Field work and 
stream data correlations are discussed.  Finally, the surface water and ground water 
interaction for the study area is interpreted using preferred orientations. 
 
Geomorphology and Stream Orientations 
The shaded relief map indicates that over the Hunton Anticline there is little relief 
(Figure 4-1).  Changes in stream orientations would not be influenced strongly by the 
topography, especially over the Hunton Anticline.  The aspect map does not appear to 
show any preferred orientation (Figure 4-2).  To analyze the aspects in more detail to 
evaluate the trends quantitatively were beyond the scope of this study.  The correlations 
observed between the data analyzed indicated that a significant geological influence is 
present in the data, and the influence of aspect was not analyzed more quantitatively. 
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The hillslope map (Figure 4-3) shows that elevation changes very little over the 
Hunton Anticline.  This also may indicate that stream orientations are being influenced 
by the underlying lithological characteristics. 
 A general lithology map suggests that stream orientations must be explained by 
changes in subsurface fractures, as there are few to no changes in stream direction at 
lithologic contacts (Figure 4-4).  The unique structural history of the Arbuckle-Simpson 
Mountains could explain the less dominant (20°-30°) orientation of streams that can be 
seen in the histograms.  There are three events that occurred during the Oklahoma 
Aulacogen that could create different fault patterns over the study area (Wickham, 1978). 
 
Field Work and Stream Data Correlation 
 Preferred orientations for GIS streams and faults, streams at field sites, and field 
fracture data all demonstrate preferred orientations (Figure 4-20).  At different grid 
resolutions, and different scales, different orientation trends are present.  However, it can 
be seen from Figure 4-15 that the streams have a preferred orientation of 170°-0o and 20-
30o for the streams.  The 10 km and 2.5 km grid cells both support this preferred 




Orientations over the study area were difficult to analyze using basic rose 
diagrams.  The polymodal orientation statistics allowed the dominant signals to be 
resolved although there was on 20 degrees difference between the dominant orientations. 
  Over the study area, three different modal characteristics were found.  Unimodal, 
bimodal, and polymodal characteristics were all present.  Some grid cells, such as grid 
cell 43 showed polymodal characteristics (Figure 4-12), but there was no preferred 
orientation in this grid, which was likely due to the structural complexity of the area that 
occurred in this region.  Grid cell 62 also shows this same characteristic with no strong 
signal as well as few other grid cells.  In regions with a complex structural history, such 
as the Arbuckle Mountains, it is expected to find such a behavior. 
The polymodal orientation method enables preferred orientations to be seen, 
while also preserving less dominant signals.  A N-S (0o and 170o) preferred orientation 
can be seen in the regional coverage of stream data, and also a second 20-30o preferred 
orientation (Figure 4-12).  This trend can be better seen using a histogram analysis 
(Figure 4-15).  Marshak (2003) found dominant trending W-NW lineaments in the 
Arbuckle Mountains created by a failed rift zone.  While there may be a few weak signals 
in that direction, the strong signals indicated most of the streams are oriented N-S and at 
20-30o.  The western portion of the Hunton Anticline is dominated by the N-S trending 
lineaments, while the central region contains less strength in that direction.  Weak signals 
dominate the central portion of the Hunton Anticline, but still indicate the presence of a 
N-S orientation.  The majority of grids for both stream and fault data did show a 
preferred orientation, which was not unexpected for this type of aquifer.  What is 
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unexpected is that none of the preferred orientation correlated with the strong northwest 
trend for the major faults in the area.  The signal was instead orthogonal to this trend and 
correlated to the direction of minimum stress. 
Further work on faults in the area is suggested by the stream analysis.  The fault 
mapping that was performed was already difficult as most of the faults in the area are not 
readily apparent at the surface.  The fault data does not have a significant number of 
north-south signals, but the streams see this orientation as the most dominant of the 
region.  If streams in the area are following some north-south trending faults, they are 
likely more highly weathered and covered with some amount of alluvium.  Thus it might 
be expected to find some north-south trending faults that were not mapped by previous 
workers. 
 
Length and Density 
The length trend for grid cell 40 indicated that the power law was a good fit for 
predicting stream lengths (Figure 4-21).  The fit was similar for fault data.  The length 
trends for each formation showed that the Caney shale (Mc) observes the longest length 
of streams (Figure 4-22).  However, this trend was not statistically significant. 
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The less permeable shale could be allowing for longer stream lengths.  After the 
stream density bias was removed from the dataset, the Caney shale was still indicative of 
the longer stream lengths (Figure 4-23).  The Cambrian Timbered Hills Group (Cth) has a 
very low stream length.  Again, this trend was not significant.  The Timbered Hills 
Group, which includes the Reagan sandstone, was characterized by crystalline limestone 
and coarse grained sandstone.  The higher permeability sandstone may be allowing for 
more infiltration and decreasing the stream length. 
The density of streams over the study area (Figure 4-24) indicated that some bias 
was present in the data.  An increase in the amount of streams in the upper right portion 
of the map over a very regular rectangular area was obvious.  The boundary for this 
increase traveled from grid cell 5, south to grid cell 27, and east to grid cell 33.  This 
increase in stream density was present in the density map (Figure 4-24).  Some bias was 
introduced by the individual or algorithm that created the GIS stream layer.  The 
advantage to this bias was that more data was available to analyze in the upper right 
corner of our study area.  It was difficult to characterize trends for each formation using 
the density map.  By trying to visualizing the density for each formation using it becomes 
evident that no trends existed for formations regarding stream density (Figures 4-25 and 






The advantage of using a GIS layer of streams and faults to characterize subsurface 
aquifers is the amount of data available.  Using streams and faults as lineaments to study 
subsurface characteristics is an underutilized, yet cost efficient tool.  The results of this 
study indicate that 1) a dominant 170o-0o trend evident in stream data exists over the 
study area as well as a less dominant 20-30o trend that exists in both stream and fault 
data.  2) The statistical analysis indicates stream and fault orientations correlate.  3) The 
correlation between the streams and faults can be used to infer subsurface characteristics 
as demonstrated by correlation with outcrop fracture data.  4)  The stream density data 
indicate that no trends exist between density or length and stratigraphy.  5)  Geological 
processes appear to have a significant influence on stream orientations in the study area.  
6)  The polymodal orientation method used in this thesis is an effective way to analyze 
orientations.  The method allows for consistent orientation signals to become obvious 
even when there is little separation between signals.  7)  The method used to study the 
aquifer is cost effective with limited bias in the studying aquifer characteristics.  As GIS 
stream layers are readily available, it would be feasible to study streams as a preliminary 
analysis of the subsurface characteristics in most fractured aquifers. 
 58 
                                                              REFERENCES 
 
Anderson, T.W., Stephens, M.A. (1972). “Tests for randomness of directions against 
equatorial and bimodal alternatives.” Biometrika 59(3): 613-621. 
 
Belt, K., Paxton, S.T. (2005). “GIS as an aid to visualizing and mapping geology and 
rock properties in regions of subtle topography.” GSA Bulletin 117(1/2): 149-160. 
 
Bergin, T.M. (1990). “A comparison of goodness-of-fit tests for analysis of nest 
orientation in Western Kingbirds.” The Condor 93:164-171. 
 
Blanchet, P. H. (1957). "Development of fracture analysis as exploration method." 
Bulletin of the American Association of Petroleum Geologists 41(8): 1748-1759. 
 
Cladouhos, T.T., Marrett, R. (1996). “Are fault growth and linkage models consistent 
with power-law distributions of fault lengths?” Journal of Structural Geology 18:(2/3): 
281-293. 
 
Cotton, C. A. (1964). "The control of drainage density." New Zealand Journal of Geology 
and Geophysics 7(2): 348-352. 
  
Culbreth, M. A. (1988). "Geophysical investigation of lineaments in South Florida." 
Oklahoma Geological Survey: 1-84. 
 
Curray, J. (1955). “The analysis of two-dimensional orientation data.” Journal of 
Geology 64(2): 117-131. 
 
Day, D. G. (1980). "Lithologic controls of drainage density: A study of six small 
catchments in New England, N.S.W." Catena Giessen 7(4): 339-351. 
 
Decker, C.E, Merritt, C.A. (1931). “ The stratigraphy and physical characteristics of the 
Simspon group.” Oklahoma Geological Survey Bulletin 55: 5-100. 
 
Denison, R.E., (1995). “Significance of air-photograph linears in the basement rocks of 
the Arbuckle Mountains.” Oklahoma Geological Survey Circular 97: 119-131. 
 
Dott R. (1933). “Overturned beds in the Arbuckle Mountains, Oklahoma.” Bulletin of the 
American Association of Petroleum Geologists 17(7): 865-868.
 59 
 
Dott R. (1934). “Overthrusting in Arbuckle Mountains, Oklahoma.” Bulletin of the 
American Association of Petroleum Geologists 18(5): 567-602.  
 
Downs, T.D. (1972). “Orientation Statistics.” Biometrika 59(3): 665-676. 
 
Durand, D., Greenwood, J.A. (1958). “Modifications of the Rayleigh test for uniformity 
in analysis of two-dimensional orientation data.” Journal of Geology 66(3): 229-238. 
 
Evenson, R.A. (1989). “Depositional, diagenetic, and tectonic influences on permeability 
and porosity in two Cherokee sandstone reservoirs, Greenwood County, Kansas.” 
University of Kansas Master’s thesis. 
  
Fairchild, R. W., Hanson, R.L., Davis, R.E. (1979). "Aquifer characteristics of the 
Arbuckle aquifer, south-central Oklahoma." Geological Society of America (GSA) -  
Abstracts with Programs, South-Central Section 11: 147. 
  
Fairchild, R. W., Hanson, R.L., Davis, R.E. (1990). Hydrology of the Arbuckle 
Mountains Area, south-central Oklahoma. 
 
Fitts, C.R. (2002). Groundwater Science. San Diego, California:  Academic Press. 
 
Freeze, R.A. (1975). “A stochastic-conceptual analysis of one-dimensional groundwater 
flow in nonuniform homogeneous media.” Water Resources Research 11(5): 725:741. 
 
Freisatz, W.B. (1991). “Fracture-enhanced porosity and permeability trends in the 
Bakken Formation, Williston Basin, western Dakota.” University of North Dakota 
Master’s thesis. 
 
Gregory, K. J., Gardiner, V. (1975). "Drainage density and climate." Zeitschrift fuer 
Geomorphologie 19(3): 287-298. 
 
Gumbel, E.J., Greenwood, A., Durand, D. (1953). “The circular normal distribution: 
Theory and tables.” Journal of the American Statistical Association 48(261): 131-152. 
 
Halihan, T., Love, A.J., Cook, P.G. (1999). “Use of outcrop, well, and creek data to 
develop a regional conceptual model of the fractured rock aquifer of the Clare Valley, 
South Australia.” Geological Society of America (GSA) 31(7): 491. 
 
Ham, W.E. (1955). “Geology of the Arbuckle Mountain region.” Oklahoma Geological 
Survey Guidebook 1-61. 
 
Ham W.E., Denison, R.E., Merritt, C.A. (1964). “Basement rocks and structural 
evolution of southern Oklahoma.” Oklahoma Geological Survey Bulletin 95: 7-209. 
 
 60 
Harnett, P. (1977). “Optical rose diagrams for lineament analysis.” Institution of Mining 
and Metallurgy, Transactions, Section B: Applied Earth Science 86: 102-106. 
 
Johnson, K.S. (1991a). “Arbuckle group core workshop and field trip.” Oklahoma 
Geological Survey 91-3: 3-263. 
 
Johnson, K.S. (1991b). “Late Cambrian-Ordovician geology of the southern mid-
continent, 1989 symposium.” Oklahoma Geological Survey Circular 92: 3-226. 
 
Jones, T.A., James, W.R. (1969). “Analysis of bimodal orientation data.” Journal of the 
Association of Mathematical Geology 1(2): 129-135. 
  
Khatri, C.G., Mardia, K.V. (1977). “The Von Mises-Fisher matrix distribution and 
orientation statistics.” Journal of the Royal Statistical Society 39(1): 95-106. 
 
Kupsch, W. O., Wild. J. (1958). "Lineaments in Avonlea Area, Saskatchewan." Bulletin 
of the American Association of Petroleum Geologists 42(1): 127-134. 
  
Lattman, L. H., Parizek, R.R. (1964). "Relationship between fracture traces and the 
occurrence of ground water in carbonate rocks." Journal of Hydrology 2(2): 73-91. 
 
Leveinen J., Ronka, E., Tikkanen, J., Karro, E. (1998). “Fractional flow dimensions and 
hydraulic properties of a fracture-zone aquifer, Leppävirta, Finland.” Hydrogeology 
Journal 6: 327-340. 
 
Mabee, S. B., Curry, Patrick J., Hardcastle, Kenneth C. (2002). "Correlation of 
lineaments to ground water inflows in a bedrock tunnel." Ground Water 40(1): 37-43. 
  
Mabee, S. B., Hardcastle, Kenneth C. (1997). "Analyzing outcrop-scale fracture features 
to supplement investigations of bedrock aquifers." Hydrogeology Journal 5(4): 21-36. 
 
Magowe, M. (1999). "Relationship between lineaments and ground water occurrences in 
western Botswana." Ground Water 37(2): 282-286. 
 
Mardia, K.V. (1975). “Statistics of directional data.” Journal of the Royal Statistical 
Society. Series B (Methodological) 37(3): 349-393. 
 
Marrett, R. (1996). “Aggregate properties of fracture populations.” Journal of Structural 
Geology 18(2/3): 169-178. 
 
Marrett, R., Ortega, O.J., Kelsey, C.M. (1999). “Extent of power-law scaling for natural 





Marshak, S., Nelson, W.J., McBride, J.H. (2003). “Phanerozoic strike-slip faulting in the 
continental interior platform of the United States: examples from the Laramide 
Orogen, Midcontinent, and Ancestral Rocky Mountains.” The Geological Society of 
London 210: 159:184. 
 
McQuillan, H. (1986). “The role of basement fracturing in oil production from the oil 
fields of the Zagros fold belt in southwest Iran.” Fifth international conference on 
basement tectonics. Cairo, Egypt. Oct. 16-18. 
 
Moglen, G. E., Eltahir, E.A.B., Bras, R.L. (1998). "On the sensitivity of drainage density 
to climate change." Water Resources Research 34(4): 855-862. 
  
Mollard, J. D. (1957). "Aerial photographs aid petroleum search." Candian Oil and Gas 
Industries 10(7): 89-96. 
 
Montgomery, D. R. a. D., W.E. (1989). "Source Areas, Drainage Density, and Channel 
Initiation." Water Resources Research 25(8): 1907-1918. 
  
Moore, R. B., Schwarz, Gregory E., Clark, Stewart F. Jr., Walsh, Gregory J., Degnan, 
James R. (2002). "Factors related to well yield in the fractured-bedrock aquifer of 
New Hampshire." USGS. 
 
Or, D., Tuller, M. (2000). “Flow in unsaturated fractured porous media: hydraulic 
conductivity of rough surfaces.” Water Resources Research 36(5): 1165-1177. 
 
Ortega, O.J., Marrett, R.A., Laubach, S.E. (2006). “A scale-independent approach to 
fracture intensity and average spacing measurement.” AAPG Bulletin 90(2): 193-208. 
  
Parizek, R. R. (1975). On the nature and significance of fracture traces and lineaments in 
carbonate and other terranes. Proc. of the U.S. Yugoslovian Symposium. 
 
Pflaker, G. (1964). "Oriented lakes and lineaments of northeastern Bolivia." Geological 
Society of America Bulletin 75: 503-522. 
 
Pincus, H.J. (1951). “Statistical methods applied to the study of rock fractures.” 
Geological Society of America Bulletin 62(2): 81-129. 
 
Pincus, H.J. (1953). “The analysis of aggregates of orientation data in the earth sciences.” 
Journal of Geology 61(6): 482-509. 
  
Ray, R. G., Fischer, W.A. (1960). "Quantitative photography- A geologic research tool." 
Photogrammetric Engineering and Remote Sensing 26(1): 143-150. 
 
Rodriguez-Iturbe, I., Escobar, L.A. (1982). "The dependence of drainage density on 
climate and geomorphology." Hydrological Sciences Journal 27(2): 129-137. 
  
 62 
Rumsey, I. A. P. (1971). "Relationship of fractures in unconsolidated superficial deposits 
to those in the underlying bedrock." Modern Geology 3: 25-41. 
  
Sander, P., Minor, Timothy B., Chesley, Matthew M. (1997). "Ground-water exploration 
based on lineament analysis and reproducibility tests" Ground Water 35(5): 888-894. 
 
Strutt, J.W. (1880). “On the resultant of a large number of vibrations of the same pitch 
and of arbitrary phase.” Philosophy Magazine 10: 73-78. 
 
Terech, N. (2005). “Fracture patterns, lineaments and seismic reflection data; integration 
for fault mapping in the Appalachian Basin of east-central New York State.” 
Geological Society of America (GSA) -  Abstracts with Programs 37(1): 83-84. 
 
Tucker, G. E., Bras, R.L. (1998). "Hillslope processes, drainage density, and landscape 
morphology." Water Resources Research 34(10): 2751-2764. 
  
Walsh, S. J., Vitek, J.D. (1981). "Lineaments in southeastern Oklahoma: detection with 
landsat data." Oklahoma Geology Notes 41(4): 104-113. 
 
Wanfang, Z., Wheater, H.S., Johnston, P.M. (1997). “State of the art of modelling two-
phase flow in fractured rock.” Environmental Geology 31(3/4): 157-166. 
 
Watson G.S. (1966). “The statistics of orientation data.” Journal of Geology 74(5, Part 2): 
786-797. 
 
Weight, W.D., Sonderegger, J.L. (2001). Manual of Applied Field Hydrogeology. New 
York, NY: McGraw-Hill. 
 
Wickham, J. (1978). “The southern Oklahoma aulacogen.” Geological Society of 
America-South Central Section 9-41. 
 
Zimmerman, R.W., Bodvarsson, G.S. (1996). “Hydraulic conductivity of rock fractures.” 




Appendix 1 (Stratigraphic Units) 
Abbreviation  Stratigraphic Unit 
Qal Quaternary Alluvium 
Ka Antlers Formation 
IPvc Vanoss Group 
IPat Atoka Formation 
IPw Wapanuck Formation 
IPs Springer Formation 
IPus Union Valley Formation 
Mc Caney Shale 
MDsw Sycamore Limestone, Welden Limeston, Woodford Shale 
Osv Sylvan Shale, Viola Group 
Obm Bromide, Tulip Creek, McLish Formation 
Ooj Oil Creek Formation 
Ow West Spring Creek Formation 
Ok Kindblade Formation 
Owk West Spring Creek and Kindblad Formation 
Ocm Cool Creek and McKenzie Hills Formation 
OЄbf Butterly Dolomite, Signal Mountain Formation, Royer Dolomite, Fort Sill Limestone 
Єth Timbered Hills Group 
pЄti Tishimingo Granite 
pЄtr Troy Granite 
pЄgr Grandiorite 
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